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Abstract 
Sustainability of infrastructure systems involves multiple interrelated objectives which are dependent on the dynamic behaviors 
of stakeholders, interdependencies between infrastructure assets, and evolving conditions in the social and environmental 
systems. This research contributes to the body of knowledge by creating a framework that integrates: (1) different dimensions of 
sustainability in infrastructure networks, and (2) dynamic changes in the behaviors of stakeholders, asset performance conditions, 
and the social and environmental conditions. The proposed framework includes an agent based simulation model to capture the 
dynamic behaviors of decision makers and the evolving performance of infrastructure assets under different socio-environmental 
conditions. The outcomes of the simulation model include the short- and long-term costs and environmental impacts of 
infrastructure networks under different scenarios related to the changes in the socio-environmental conditions. The application of 
the framework is shown in a numerical case study of a road network. The results include: (i) identification of infrastructure 
management strategies (e.g., maintenance planning and funding allocation) that optimize the tradeoff between annual cost and 
environmental impacts of the network; and (ii) discovering robust management strategies that lead to highly-likely desired 
sustainability outcomes across different uncertain scenarios related to the future socio-environmental conditions. The results 
show the capability of the proposed framework for sustainability assessment of infrastructure systems based on integrated 
analysis of the dynamic behaviors of decision-makers, infrastructure characteristics, and evolving socio-environmental 
conditions. Hence, it provides a predictive quantitative tool to inform decision-making and policy formulation toward improving 
the sustainability of infrastructure networks. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
American Society of Civil Engineers has listed sustainable development of infrastructure systems as one of the 
three strategic priorities of the nation [1]. Over the past few decades, life cycle assessment (LCA) and life cycle cost 
analyses (LCCA) have become predominant approaches to evaluate the environmental and economic sustainability 
of infrastructure. However, LCA and LCCA have major limitations for assessing sustainability of infrastructure 
systems at network level: 
(i) Both LCA and LCCA focus on single entities (i.e. assets). However, infrastructure systems are networks in 
which budgetary and functional interdependencies between individual assets play an important role in the overall 
functioning and performance of the system [2]. The existing LCA and LCCA methods do not consider these 
interdependencies in sustainability assessment of infrastructure networks. 
(ii) The sustainability performance of infrastructure networks is contingent upon the adaptive behaviors of 
various individuals and institutions involved in management and operation of technical systems. In this paper, these 
individuals and institutions are referred to as “administrative agency” or “agency”.  The existing LCA and LCCA do 
not consider the dynamic decision making of the administrative agency in terms of preservation prioritization and 
budget allocation and therefore are unable to study the evolutionary sustainability performance of infrastructure 
systems [3].  
(iii) Each sustainability assessment method offers indicators related to one dimension of sustainability. For 
example, LCA considers indicators of environmental sustainability and LCCA offers an economic indicator for 
sustainability assessment. Assessing different dimensions of sustainability using independent indicators leads to loss 
of important information about the correlation between different sustainability objectives [4]. Addressing this 
limitation requires development of methodologies that integrate assessment of various sustainability objectives to 
attain better understanding about the correlations and trade-offs between different sustainability indicators [5].  
The objective of this study is to create a methodology for assessing the evolutionary sustainability performance of 
infrastructure systems as a result of dynamic interactions between the physical networks and the administrative 
agency.  
2. Framework for assessing evolutionary sustainability in infrastructure systems 
In order to capture the evolutionary sustainability performance of infrastructure systems, a framework consisting 
of three major components is proposed (Fig. 1). As shown in Fig. 1, socio-environmental conditions such as changes 
in service demand and the level of funding availability for network preservation may lead to adaptive behaviors in 
the agency’s decision making processes, which ultimately affect the condition of the physical network. On the other 
hand, the condition of the physical network influences the decision-making behaviors of the agency in terms of 
prioritization of renewal projects. The interactions between physical network and agency lead to a stable 
performance state for the network. A stable performance state is associated with certain level of performance as well 
as cost and environmental impacts. This stable state is referred to as the performance regime of the network. One 
important objective of this research is to study the correlation/tradeoff between different sustainability objectives in 
the performance regime of infrastructure systems. 
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In order to implement the framework presented in Fig.1, a simulation-based computational model is 
utilized to capture the dynamic and adaptive behaviors at the interface of agency-network interactions. The 
components of the computational simulation model are depicted in Fig. 2. First, different scenarios related to the 
possible socio environmental changes are modeled. Each scenario is associated with a set of input variables that 
affect the sustainability performance of infrastructure networks. For example, a social force such as population 
growth may affect total traffic demand on a road network. Accordingly, one scenario related to this social change is 
a certain increase in total number of trips in the network. The set of variables related to this scenario consists of the 
levels of traffic on all links. Second, these variable sets are then used as inputs to a simulation model. The 
simulation model includes two major approaches. (i) Agent-based modeling to simulate agency’s decision making 
behaviors; and (ii) mathematical model to simulate the dynamic changes in the condition and performance of 
network links. Third, the performance regime of the network is identified using three measures of sustainability (i.e. 
performance, cost and environmental impacts). The performance model dynamically quantifies network physical 
conditions based on the deterioration rates of links and improvements in link condition due to maintenance and 
rehabilitation (M&R) activities applied by the agency. Fourth, the unit costs of different events (e.g., construction, 
M&R, and end of life) during the entire service life of each link are used along with the simulated timing and type of 
events to calculate the annual cost of the network [6]. Similarly, unit impacts of environmental events and their 
timing and type are used to evaluate the network environmental performance [7]. 
3. Numerical Case 
The evolutionary sustainability performance of a road network over a 40 year analysis horizon was studied to 
demonstrate the application of the proposed framework. The road network consists of 12 road sections with varying 
lengths and types as shown in Table 1. The physical conditions of the network and the traffic level of each link in 
the base year were obtained from “The ICMPA7 Investment Analysis and Communication Challenge for Road 
Assets” (Haas 2008). The impacts of different levels of funding and different demand growth scenarios were 
studied. The agency adopted a worst-first strategy with threshold values for preservation of the network. The agency 
behavior was modeled using agent based modeling in a java-based object-oriented programming platform (Anylogic 
7.1). The decision rules of the agency were abstracted from the decision making processes of the agency as depicted 
in Fig. 3. At the beginning of each year the agency decides about applying maintenance on different road sections. A 
maintenance activity is applied only if it can restore the pavement condition to an excellent Present Serviceability 
Rating (PSR). PSR is a widely used quantitative indicator of pavement condition which theoretically varies between 
a low value of 0 representing the worst condition, and a maximum value of 5 for perfect condition. In real world 
modeling 4.5 is considered as the highest practical PSR [8]. The deterioration of the pavements is quantified using 
an empirical formulation suggested by Lee et. al. (1993)[9] (Equation 1). 
dcb
i CESALAgeSTRaFAPSRPSR ****.                                                                                      (1) 
In Equation 1 PSRi denotes the initial value of PSR for a given link right after construction or after a major 
rehabilitation. In Eq. 1, a,b,c and d are coefficients whose values depend on the type of pavement [7]. 
Fig. 2. Computational Framework for Assessing Evolutionary Sustainability Performance in Infrastructure Systems 
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Table 1: Characteristics of the case network 
 A B C D E F G H I J K L 
Road Type R I  I I R R I R R I I I 
Pavement Type F C F F F CP CP CP CP C F F 
Length (Miles) 1.6 0.5 0.7 0.2 0.4 2.7 0.6 1.1 2.8 1.4 1.7 0.6 
Width (feet) 36.1 37.4 41.0 37.4 42.7 41.3 46.6 53.8 39.0 40.7 38.7 54.5 
No. of Lanes 4 4 4 4 4 4 4 6 4 4 4 6 
STR 3.53 14.6 4.3 7.2 4.8 11 17.7 13.4 13.4 14.6 5.6 7.7 
ESAL/ Day 224 1185 1645 1756 864 688 1142 1785 1785 1185 1479 1756 
Cumulative Equivalent Single Axle Loads per day (CESAL) and STR (existing structure of pavement) capture the 
impact of traffic load and structural design of the pavement, respectively. An adjustment factor is shown as A.F. and 
is used to customize the prediction based on the effects of climate conditions. Finally, the age of the pavement since 
initial construction is shown as Age in Eq.1.  Equation 1 predicts performance decay of network links assuming no 
maintenance is applied. In order to consider the impacts of performance improvements caused by the agency actions 
(i.e. M&R activities), the timing and type of maintenance activities was modeled. Four types of maintenance 
activities were considered: routine maintenance, surface treatment, overlay, and rehabilitation. The real impact of 
each activity on a link’s condition was obtained from [8]. After the network condition was simulated the 
performance regime of the network was determined.  
The Werker-Brenner approach [10] was used to validate the simulation model and its results. To this end, a 
three step procedure was followed. First, the initial conditions and the ranges of the parameters were compared to 
the existing empirical data to ensure the reliability of the parameters in the model. For example, the parameters 
related to the physical network (such as structural number of pavements and the thickness of different layers) were 
compared to the actual pavement data related to Miami-Dade expressway authority (MDX) network. Second, the 
outputs related to each model specification were compared to the existing data. For example, the simulated 
deterioration rates of the pavements (i.e. trends of PSR values) were compared to the real values related to decay of 
pavements based in historical data. Finally, the authors evaluated the consistency of the results and correctness of 
computational algorithms in terms of modeling the actual behaviors of the agents and pavement assets. 
Fig. 3. Rules related to the decision making processes of the agency 
4. Results 
The performance regime of the case network was modeled for different scenarios related to the level of funding and 
demand growth. Three indicators of the sustainability performance were considered. The first indicator is the 
performance of the physical network measured based on the weighted average PSR of the links. The performance of 
physical network represents the quality of service to the user, and hence, is an important measure of network 
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sustainability. The second indicator is the annual cost of the network measured by dollar per lane-mile-year. Third, 
the annual global warming potential (GWP) (measured in million grams CO2 equivalent of emissions) of the 
network was calculated as a measure of network’s environmental sustainability. Finally, the tradeoffs between 
different sustainability objectives were investigated. 
4.1. Network performance 
Performance of the network is simulated at both asset-level and network-level. Asset-level performance shows the 
physical condition of individual pavement assets in accordance with the deterioration of the asset and the M&R 
activities applied to the asset over the analysis horizon. On the other hand, network-level performance represents the 
overall condition of the network with regards to evolving decision variables and external conditions. Fig. 4 shows 
the simulated asset-level and network-level performances related to the base scenario. The base scenario includes an 
annual M&R funding equal to $500k and no demand growth. The performances of individual links and the overall 
network performance are shown in Fig.4.a. and Fig. 4.b, respectively. The network-level PSR is calculated based on 
weighted average PSR of individual assets. The weight of each link is the ratio of link’s length to the cumulative 
length of the network. Based on the simulation results, under the Base Case Scenario the network’s average 
condition gradually degrades over time. The condition decay follows a power trend starting with an initial excellent 
condition (PSR close to 4.2). However, the decay rate diminishes over time. The network performance reaches an 
equilibrium after year 20 and network will sustain its performance at a PSR level of 3.45. The performance 
equilibrium of the network is an example of an emergent property arising as a result of dynamic behaviors at the 
interface of agency-network interactions. Understanding the emergent network performance is critical in order to 
formulate decisions that mitigate unfavorable shifts in the performance regime of the network over the long term. 
The following section explains example scenarios that may lead to shifts in the performance regime of the network.  
4.2. Impact of budget availability on performance regime of the network 
Changes in the decision variables may lead to shifts in the performance regime of the network. For example, in 
the numerical case study, the impact of changes in the level of funding on the performance regime of the network 
was investigated. The impacts of annual M&R funding on the performance and Global Warming Potential (GWP) of 
the network are shown in Fig. 5. Based on the results, a greater M&R funding enables the agency to apply more 
preservation activities, and hence, improves the average performance of the network. However, the rate of 
performance improvements with funding increase diminishes at a threshold value beyond which further funding 
increase does not improve the network sustainability performance significantly. This threshold value is also an 
emergent property arising as a result of link condition and agency decision-making processes. This result has two 
important implications: 1) an infrastructure network with a certain attributes and agency decision practices has a 
minimum threshold (i.e., tipping point) funding to mitigate unfavorable shifts in the performance regime of the 
network; and 2) Enhancing the performance regime of a network requires strategies beyond changes in funding level 
and based on practices that improve links’ conditions and agency decision-making processes simultaneously. In the 
numerical example, the tipping point funding level is $600K for the network. At this funding level, the network 
shifts to a stable regime with better performance and lower environmental impacts. 
A greater funding reduce the total environmental impacts (measured by Global Warming Potential of the 
network) mainly for two reasons: First, a greater annual M&R funding enables applying the required preventive 
maintenance at each year, and hence, reduces the need for future high impact corrective maintenance or 
reconstruction of the assets. Second, a greater funding results in better network performance that reduces the user 
impact due to lower fuel consumption (i.e., pavement vehicle interaction). However, the impact of funding increase 
on reducing environmental impacts diminishes beyond the tipping point value. 
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4.3. Impact of demand growth on performance regime of the network 
The performance regime of infrastructure networks is also sensitive to changes in the socio-environmental 
conditions. For example, changes in the level of demand (i.e., a social condition) may lead to shifts in the 
performance regime of a network. In the numerical case study, three demand growth scenarios were considered: no 
growth, 3% annual growth, and 5% annual growth. Fig. 6 shows the annual GWP and cost of the network for the 
three demand growth scenarios. According to the results, if other variables remain constant, demand growth 
exacerbates the unsustainable conditions of the network where the environmental impacts and network cost increase 
over time. This result implies that a non-adaptive approach in management of infrastructure decreases the 
sustainability of the networks. Hence, the decision variable should be adapted based on changes in the socio-
environmental conditions. 
In order to demonstrate an adaptive approach, the impacts of demand growth scenarios were considered in 
conjunction with different levels of funding. Fig. 7 shows the network environmental performance associated with 
different funding levels under “no demand growth” and “5% demand growth” scenarios. Based on the results, 
funding increase improves network sustainability in both scenarios. However, the extent of sustainability 
improvements is greater under the growing demand conditions. Thus, the sustainability performance of the network 
is more sensitive to the funding level when the demand grows. In addition, as shown in Fig 7, the environmental 
impact of the network is also sensitive to network performance (i.e., PSR). A greater PSR leads to lower 
environmental impacts. This result implies the need for maintaining good performance in infrastructure networks. 
Also, the sensitivity of environmental impacts to network performance increases when the demand grows. This 
result further highlights the need for adopting adaptive approaches in management and operation of infrastructure 
networks. For example, under funding constraint, the available resources should be allocated to networks with 
greater demand growth in order to maintain the performance of infrastructure and improve sustainability. 
 
  
Fig. 4. Performance of Physical Network under the Base Scenario 
 
Fig. 5. The impact of annual budget level on performance and environmental impacts of the network 
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Fig. 6. The impact of annual budget level on performance and environmental impacts of the network 
 
Fig. 7. The sensitivity of network environmental impacts to budget and performance 
4.4. Tradeoffs between sustainability objectives 
The ultimate objective for sustainable management of infrastructure networks is to preserve the network at 
greatest level of performance with lowest long term cost and environmental impacts. However, an optimum state of 
sustainability maybe non-existent due to competing objectives. Hence, evaluating the tradeoffs between 
sustainability objectives is a critical aspect of infrastructure network assessments. Fig 8 shows how the proposed 
framework and computational model enables evaluating sustainability tradeoffs. Various sets of decisions can 
provide the network with the same level of performance. In Fig 8, areas with similar performance levels are 
represented with same colors. Based on the results, improving network performance reduces environmental impacts 
but significantly increases annual network costs. Fig. 8 also shows the Pareto optimal sustainability points related to 
each level of performance. The point at which the network has the minimum cost and environmental impact is a 
Pareto optimal sustainability point for a level of performance. This means, with the existing decision variable (i.e. 
increasing the M&R funding), the cost and/or environmental impact of the network cannot reduce beyond Pareto 
optimal sustainability points without compromising the performance of the network. Identification of Pareto optimal 
sustainability points of a network has two practical implications. First, it helps decision makers to set realistic 
performance goals for the network considering the limitations of economic and environmental resources. For 
instance, if in long-term the agency cannot afford $320000 of annual cost the decision makers should not aim for 
performance levels higher than 3.55. Similarly, if the agency is required to maintain the annual GWP of the network 
below 2900 Mg. of CO2 eq. emissions, the network performance should not be set lower than 3.5. Second, the 
Pareto optimal sustainability points help decision makers to assess the relative value of a decision.  For instance, in 
Fig. 8 two different decisions regarding M&R funding of the network are shown. Decision 1 and decision 2, 
respectively, relate to funding levels equal to $300,000 and $400,000. Both decisions will lead to the same PSR of 
3.49. However decision 1 leads to higher GWP and lower cost while decision 2 gives higher total cost and lower 
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GWP. The proximity of each decision to the Pareto optimal sustainability point of the associated level of 
performance identifies the level of economic and environmental sustainability of each decision.  
With respect to the body of practice, the outcomes of this study facilitate informed decision-making related to 
sustainable preservation of infrastructure networks. In this regard, the Pareto optimal sustainability points were 
introduced. These are the points at which the cost and/or environmental impact of the network cannot be reduced 
without compromising the performance of the network. Identification of Pareto optimal sustainability points enables 
decision makers to evaluate effectiveness and efficiency of their decisions for sustainable management of the 
networks. 
In an ongoing work, the authors are testing the proposed framework on a road network in South Florida for a 
wide range of operational, tactical and strategic decisions related to preservation and management of the network. It 
is expected that this research will enhance our understanding about how the transformation of infrastructure systems 
driven by socio-environmental changes affects the performance regime of the network. 
 
 
Fig. 8. Contour plot of network performance vs. cost and GWP 
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